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FOREWORD

This rcport is based ul a series of in-house stt. ies made during
the past four years on the thermal degr,,dazion oý two fluozopolymers.
polyvinylidene fluoride and polyvinyi fluoride. These studies were
carried out as part of the research on Thermzl Protection, Task 04,
of Projecc 1T024401A329, Organic Materials Researsh for Army Materiel.
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ABSTRACT

The purpose of this study was to determine differences in the major
,hermal degradation products of polyvinylidene fluoride (FVF 2 ) and
polyvinyl fluoride (PVF). Such differences might help explain the
greater ability of PVF 2 to attenuate radiant energy from high-intensity
thermal sources. Investigated were degradation of the polymers by oven
pyrolysis, separation of the degradation products into major fractions,
elemental analyses of the fractions, and identification of a number of
the components of the volatile fractions.

'During pyrolysis, both PVF 2 and PVF yielded hydrogen fluoride,
complex mixtures of other volatile products, and residual char. The
main differences were in the nature of the volatile products and the
amounts of char formed. The volatile products from PVF2 consisted
largely of highly fluorinated nonflaxmmable materials; those from PVF
contained much less fluorine and were flatmable. The amount of char
formed from PVF 2 was approximately twice as great as that formed from
PVF. Although the amounts of hydrogen fluoride yielded by each polymer
were large, differences between them were small and not considered
significant.

It is inferred that the greater ability of ?VF 2 to attenuate energy
from high-intensity thermal sources, as compared to that of PVF, may be
attributed in part to its ability to prcduce nonflammable smoke. This
would tend to scatter the radiant thermal energy and keep it from reach-
,ing the polymer surface, whereas the smoke from PVF would ignite and
thus create an additional heat source. Another possible contributing
factor to the greater energy-attenuating capability of PVF 2 is its
ability to form much larger amounts of char than PVF.

Degradation mechanisms are postulated 'o explain the formation cf
several compounds which were identified in the volatile products from
PVF2v.

: viii



TIHEiAL DEGRADATION OF POLYVINYLIDENE

FLUORIDE AND POLYVINYL FLUJORIDE BY OVEN PYROLYSI'

I. INTRODUCTION

The military has a definite and pressing need to develop materials
to protect personnel and equipment against the thermal effects of a

nuclear weapon detonation. The thermal behavior of polyme:! ;'hich

appear to have capabilities for attenuating such energy is therefore
of interest to the U. S. Army. If the overall processes or mechanisms
by which such polymers degrade thermally could be established and re-
lated to the original chemical structure of the polymers, it might then
be feasible to design other polymer structures that would have better
energy-attenuating characteristics than presently available materials.

A previous study( 1 ) of the thermal behavior of a series of fluoro-
polymers, made with the QM arc-image furnace used as a high- intensity
thermal pulse generator, showed that polyvinylidene fluoridi (PVF 2 )
had a greater energy-attenuating capability than polyvinyl fluoride
(PVF). For example, when disks of the polymers (60 mils th ck) were
exposed in the arc-image furnace to a radiant flux of 23 ca& cm" 2 sec-"
for one second, PVF showed an average temperature rise (AT'- on the back
surface of the disk of 16.80C, while PVF2 showed an average temperature
rise of only I0.8°C. Similar experiments with polymer disks ranging in
thickness from 30 to 75 mils showed that invariably PVF 2 produced lower
A T values than PVF under the same test conditions. The difference
between the average AT values for PVF2 and PVF tended to vary slightly
with disk thickness, but thosýe for PVF 2 were always signific:antly lower
than those for PVF.

The gaseous degradation products of the polymers irradi-Ited in the
arc-imagr. furnace were collected by a closed-cell technique and analyzed
by gas chromatography. However, the quantities of the gasecus degrada-
tion materials obtained were so small that only a qualitatiic comparison
could be made between the products from the two polymers. Therefore,

satisfactory mechanisms or processes of degradation could not be pustu-
lated to explain the difference in their energy-attenuating characteri!,tics
until a more detailed study of their thermal degradation behavior was made.

The present report presents the results of a study made on the thermal
degradation products obtained from the two fluoropolymers, ,VF2 and PVF,
by oven pyrolysis. It describes the separation of the therrial degradation



products of the polymers into fractions, and reports the elemental
analyses of these fractions, and the identification of as many
constituents of these fractions as was feasible.

In planning this study it was realized that '-ven pyrolysis would
not necessarily yield the same degradation products in the same amounts
as would be formed by exposure of the polymers in the arc-image furnace.
However, oven pyrolysis was choser as the means for effecting the thermnal
degradation since relatively large amounts of polymer could be pyrolyzed
and, azcordingly, large amounts of dtgradation products would be obtained
in each run. This would facilitate separation and identificatio-1 of the
degradation products, among which were fluorinated materials whose spec-
tral characteristics were as yet unknown. Once identified and character-
ized, these materials could then be sought in the much smaller vo.umes
of gaseous degradation products obtained from exposure in the ca~ion arc-
image furnace using the closed-cell technique.

II. EXPERhIENTAL DETAILS

I. Materials

a. Polyvvnylidene fluoride (PVF 2 ) - Commercial sample of 'Kynar,"*
vinylidene fluoride resin, Grade LI09005E, Lot 6404-1713, obtained
from Plastics Department, Pennsalt Chemicals Corporation, Three Penn
Center, Philadelphia, Pennsylvaria.

b. Polyvinyl fluoride (PVF) - Laboratory sample No. 3670, obtained
from Film Department, Yerkes Research Laboratory, E. I. duPont de
Nemours and Co., Buffalo, New York.

Both polymers were in the form of powders, PVF 2 having a bulk
density approximately twice that of PVF.

Element3l analyses were made on the original polymers, carbon and
hydrogen being determined according to conventional methods, and
fluorine calculated by difference. The results are given in Table I.

*Trade mark of Pennsalt Chemicals Corporation for polyvinylidene fluoride.
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TABLE I

ELEIENTAL ANALYSIS OF ORIGINAL POLYMERS

P JF 2 P VF

JrCH 2 -CF2n

Calculated Found Calculated Found

Carbon 37.51% 37.40%o 52.17*h 51.80%

Hydrogen 3.i5 2.85 6.57 6.98

Fluorine 59.34 59.75 41.26 41.22

The results indicated that the polymers were reasonably pure and free
from extraneous materials such as plasticizers or other additives.

Information from the manufacturers indicated that the molecular
weight of the PVF 2 was at least 500,000 with considerable materiai of
molecular weight up to several million; that of the PVF was approximately
375,000. Whether or not substantial amounts of lower molecular weight

materials were present in either polymer was not known.

2. Procedures

a. Pyrolysis Conditions

All pyrolyses were run in an inert atmosphere by passing a stream
of helium through the sample holder and trapping ý.ysten. The helium flow
was adjusted to 40 cc/min by a manually controlled Micrometer valve be-
tween the helium tank and the sample holder; the flow was monitored by a
rotpmeter at the exit of thle trapping system.

The original purpose of the study was to obtain large amounts of
gaseous degradation products of the polymers for separation into individ-
ual components by gas chromatography and identification of as many of
these components as feasible by appropriate techniques. Therefore, rel-
atively large samples (26g approximately) were pyrolyzed. The samples
were placed in the large sampie holder (see Appendix A, Note la) at room

3



temperature. The oven heaters were turned on fully, and the temperature
allowed to rise to 455'C. where it was mainLained for 30 minutes by a
Thermac controller. The temperature of the pyrolysis sample was measured
by a thermocouple. Since the oven and large sample holder together repre-
sented a considerable mass, there was an initial time lag in the heating-
up period and the temperature rise was slow (approximately 6'C per minute).

The onset of pyrolysis caused a rapid evolution cf gases that resulted
in a marked increase in flow rate of the exiting helium. The temperature
at which this occurred was recorded along with the elapsed time (approx-
imately 30 minutes). Aftex the onset of pyrolysis, the sample temperature
was read at five minute intervals up to 455"C. The time required was
close to A0 minutes. After reaching 455*C, the sample was held at this
temperature for an additional 30 minutes. The overall time required for
this type of pyrolysis rvn was approximately one hour and 40 minutes.

In later experiments to shorten the time of pyrolysis, smaller
samples (2-3g approximately) were pyrolyzed in a small sample holder.
This holder was'similar .to that previously described by Presser%2) et al,
(see also Appendix A, Note la). The sl:mple holder was brought to 455"C
and the sample inserted. The sample temperature rose very rapidly and
usually reached pyrolysis temperature withi.n 2 to 4 minutes. Because of
this rapid temperature rise, the temperature at which pyrolysis began
could not be determined with any degree oi accuracy. After the sample
had reached 4)5*C, it was kept at that temperature for 30 minutes. The
overall time for a run of this type was close to 34 minutes.

b. Fractions of Pyrolysis Products

The thermal degradation orcducts of the fluoropolymers werc-
separated into five fractions. These were designated by symbols
adopted with some modifications from those used by Madorsky(3) as
fol lows:

R - residue oz char

Vpyr - materials that condense at room temperature

Vhf - hydrogen fluoride (lF)

V2 5 - materials that volatilize at 25'C .nd remain gaseous
at higher temperature; however, they condense at -190'C

f V-190 - materials that do not condense at -190'C

4
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c. Separacion of Fractions

Durin.g a pyrolysis, helizn was passed tnrough the sample holder
at a predetermined rate, initially 40 cc/min (see Appendix A, Note l(b)),
sweeping the materials that were volatile at pyrolysis temperature into
an elaoorate trapping system (Figure 1) and leaving the char (R) in the
oven. The volatile fractions were separated in the trapping 6-:stem as
described below.

(I) Residue Fraction

The weight of this frection was determined by weighing the
sample holder before and after a run. Samples of the R fractions from
several representative runs of both types were taken for analysis.
Hydrogen and carbon were determined by conventional methods. Fluorine
was calculated by difference.

(2) Vpyr_ ndVhfFractions

These two fractions condensed in the first trap which
consisted of a polyethylene coil imnersed in a bath kept at 0°C (see
Appendix A, Note 2). The remaining fractions passed through.

When the pyrolysis run had been completed, the 00C bath was removed
and the trap allowed to wsrm slowly to room temperature (approximately
25°C), while the helium stream continued to flow through it. Fraction
Vpyr remained in this trap, while the Vhf fraction was swept into the
next trap. The trap containing the Vpyr fraction was then weighed and
the weight of fraction Vpyr determi.ted. The Vpyr fraction was removed
from the trap by washing the trap with a suitable solvent, and alicuots
were analyzed for carbon and hydrogen. Fluorine content of the fraction
was calculated by difference.

The Vhf fraction was caught in a trap (see Appendix A, Note 3) packed
with sodiu, fluoride (NaF) which reacted with the Hff to form the complex,

The weight of the Vhf fraction was determined by weighing the NaF
trap before and after a run. Because of its toxicity, no effort was
made to aialyze foi HF or determine its p-urity.

(3) Y25 and V. 1 90 _Fractions

These fractions either did not condense at 0°C or eise they
volatilized when the trap was allowed to warm to 25-C. The materials
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could be passed directly into -he gas chromatograph for separation into
components. Also, they could be separated, at least qualitatively, by
means of two liquid nitrogen traps (Appendix A. Notes 4 and 5) into two
fractions, one which condensed at -190"C (V25 fraction) and one which
did not (V_ 1 9t) fraction). The V2 5 fracrion was caught in the first
liquid nitrogen trap- The remaining matetial (V-1 9 0 fraction) was
allowed to flow with tne helium stream znto the second liquid nitrogen
trap for approximately 20 minutes aftir pyý-clysis had begun. Then the
ciap was closed off and it acted essentijdly as a storage reservoir for
any materials which had not been previous!) 'rapped. Portions of the
V-190 fraction could be directed into the gas chromatograph, or back
into the first liquid trap, or else passed into a copper oxide reactor.

It is obvious from the foregoing that the separation and collection
of the V.-190 fraction could not be considered as quantitative by any
means and the separation and collection of the V25 fraction as only
semiquantitative at best.

The purpose of the copper oxide reactor train (Appendix A, Note 6)
was to detect the presence in the V-190 fraction of any low molecular
weight hydrocarbon materials which would pass through all the previous
traps in the system. Such materials would be oxidized, at least par-
tially, to water and carbon dioxide. The water would be caught in a
calcium chloride trap, the carbon dioxide in an Ascarite trap.

d. Difficulties Encountered in Separation of Fractions

In the earlier studies in this series, the gaseous degradation
products of the fluor-poly-mers were passed into a tube packed with

glass wool, to trap out discrete particles or drops of liquid, and
then directly into the gas chromatograph. It was found that the glass
wool rapidly disintegrated and large peaks, apparentl" of Si7 4 and water,
were obtained. These obviously resulted from the reaý.tion of .F with
the glass wool as follows:

471F + Si02 -- SiF4 0 21i20

Material accounting for the suspected SiF4 peak was trapped and
identified by its IR and mass spectra.

Water did not give a sharp, discrete peak in the gas chromatograph
and tended to smear other peaks and cause considerable "tailing." In
consequence, the presence of water w.s deduced from its general tehavior.

After a considerable period of trial and error, the present trapping
system was evolved in which the HF was removed at an early stage in the
fractionation process as described in Section 2c(2). When the HF was

6



removed by the NaF trap in front of the chromatograph, the SiF4 peak

disappeared completeiv ax.d t'- difficulties of smearing nd tailing of

peaks were obviated.

Attention was then focussed on the mixture (as yet unseparated)

that was composed of the V25 and V-190 fractions, with no attempt being

made to study the R or Vpyr fractions. It became evident that the mi.-

ture was extremely comp!ex with as many as 40 to 50 peaks appearing on

the gas chromatographic record. Although some of the peaks could be

identified by conventional means, many could not because oi _ack of

information in the literature on their spectra. There was reasonable

quzlitative agreement in the chromatographic records from run to run,

but cluantitative agreement was poor. The second liquid nitrogen trap

enabled some of the material representing major peaks to be concentrated

and identified qualitatively by IR and mass spectrometry.

Efforts were made to determine what proportions of the original

poiymer were being accounted for by the various fractions. It was found

that the R, Vpyr and Vhf fractions accounted tor 80-90 percent of the

total weight of the original polymer; thus the products that were volatile

at 253C and constituted the combined V25 and V- 19 0 fractions on which the

gas chromatographic runs were made represented only a relatively small

proportion (20 percent or less) of the total weight of the thermal degra-

dation products of PVF2 and PVF. Since even the major peaks on the

chromatographic charts represented only portions of the combined V2 5 and

V-190 fractions, it became apparent that they accounted for orly very

small amounts (in some cases only trace amounts) of the original poiymer

weights. Thus, even if all the constituents in these two fractions were

ide.4tified, it was highly unlikely that this knowledge would r.ntribute

materially to postulation of an uvierall process or mechanism to explain

the differences in the energy-attenuating characteristics of PVF 2 and PVF.

The complexity of the V25 and V.190 fractions, as indicated by the large

number of chromzrographic peaks, and the lack of IR, mass speztrometric

and nuclear magnetic resonance data in the literature for manr of the

fluorinated compounds made the problem very difficult to solve within a

reasonable time. Therefore, the direction of the investigation was

changed. Emphasis was placed on acquiring at least semiquantitative

information on the amounts of the fractions oitained: R, Vpyr, Vhf, V2 5

and V-190, and as much qualitative information of their composition as

could be derived from their elemental analyses.

e. Efforts to Determine Reproducibility of Separation of Fractions

After a large number of rune, made primarily to obtaiu V2 5 and

V. 1 90 fractions for gas chromatographic studies, a reasonably standardized

7
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method of pyrolysis and separation of fractions was evolved Then as
many replicate runs as time p~rmitted were made. The four fractions,
R, V, Vhf ard V2 5 , were collected as quantatively as possible and

their weights determined. SiiLce the weights of the V-190 fractions
could not be determined with any degree of accuracy, calculated values
were used. this will be discussed in more detail later. Frcm the
weights of the first four fractions, calculations were made cf their
average weights, expressed in terms of percent of the original polymer
weights.

Efforts were made to treat the data statistically, but it was
found that they could not be treated rigorously enough to establish
reasonable standard deviation valu=, or confidence levels for the
average fraction weights. The variations from run tc run were
attributed in part to the complexity of the pyrolysis oven/trapping
system, and in part to the degradati.onr processes thenselves. A:• the
research progressed, it became obvious from the nature of the degri-
dation products that so many reactions were taking place, either
simultaneously or in sequence, that it was practically impossible to
sort them out. Although it was not possible to extract quantitative
information from the data, nevertheless it was possible to establish
definite qualitative differences between the thermal degradation
processes of the two polymers.

III. RESULTS

i. Reproducibility of Separation of Fractions

Although not sucressful in establishing satisfactory statistical
confidence levels for the average weights of the fractions, it was
possible to make the following generalizations concerning the results:

a. The weights of the R fractions were more consistent than
those of the others. This is understandable, since the R fraction
weights couid be determined more directly and mort readily than those
of the ocher fractions.

b. The weights of the fractions fron PVF 2 were more reproducible
than those from PVF.

c. The Lccuracy with which the weights of the V.5 fractions could
be determined was poor. This was due to the relatively low weight of
the fraction (5g or less) in comparison to the weight of the liquid
nitrogen trap (568g).

8



TABLE II

MATERIALS BALANCE FO' iF•ACTIONS OF PYROLYSIS* PRODUCTS
OF POLYVINYLIDENE FLUORIDE AND POLYVINYL FLUORIDE

(Weights of fractions expressed as percent
by weight of the original polymers.)

Polvvinylidene Polyvinyl
Fluoride Fluoride

Run Run Run Run

Fraction T53 T54 T58 T59

Residue 41.1 40.8 12.7 13.9

Vpyr 8.7 10.6 48.3 49.2

Vhf 2(1.7 28.6 29.2 27.5

V2 5  19.5 19.3 8.1 9.0

Subtotal 99.0 99.3 98.3 99.6

V- 1 9 0  1.0** 0.7** 1.7** 0.4**

Total I00.0 100.0 100.0 100.0

*Total time required for each pyrolysis run was approximately one hour

and 40 minutes

**The values for the V- 19 0 fractions were calculated by subtracting the

L sum of the weight percent values of the other four fractions from 100
percent.

9



d. The Vg 9 0 fractions presented a similar, but greatly magnified,
problem to that of the V2 5 fractions, because the second liquid nitrogen
trap weighed 5,82lg in comparison to the weight of the V-190 fraction
(usually less than 1.5g). To obtain an estimate of the amount of mate-
rial in the V-190 fractions, an indirect method was used to calculate
possible weights of the Vjg0 fractions by subtracting the sum of the
weight percentage values of the other four fractions from 100 percent.
It is realized that this may create a fictitiouý appearance of accuracy
in the results, so it should be emphasized that this method was used
only to obtain an idea of the order of magnitude of the amounts of
V_i90 materials obtained.

2. Aaterials Balance for Fra•.tions

a. Long Pyrolysis Time

To determine how much of original polymer was being accounted
for, a material balance was determined using the first four fractions.
The results for four representative runs (two for PVF 2 and two for PVF)
carried out over a total time of approximately one hour and 40 minutes
per run are shown in Table II.

The weights of the four fractions R, Vpyr, Vhf and V2 5 , accounted
for more than 98 percent cf the original polymer weights, This left
less tlhan 2 percent to be accounted for in the V-190 fraction of each
polymer.

The amounts of the Vhf fractions were substantially the same for
both the polymers, accounting for almost 30 percent of the original
polymer weights.

In contrast to the Vhf and V_1 9 0 fractions, the amounts of the other
three fractions showed very large differences between the two polymers.
The R fraction from PF 2 was approximately three times as large as that
from PVF. It was the largest fraction obtained from PVF 2 , while it was
a relatively small fraction from PVF. Similarly, the weight of the V2 5
fraction frum PVF 2 was piactically twice that of the V2 5 fraction from
PVF. Conversely, the weight of the Vpyr fraction from PVF 2 was about
only one-fifth that of the same fractaon from PIF.

b. Short Pyrolysis Time

The results for four representative runs (two for PVF 2 and two
for PVF) carried out over a total of approximately 34 minutes per run
are shown in Table III.

10
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TABLE III

MATERIALS BALANCE FOR FRACTIONS OF PYROLYSIS* PRODUCTS
OF POLYVINYLIDENE FLUORIDE AND POLYVINYL FLUORIDE

(Weight of fractions expressed as percent
by weight of the original polymers.)

Polyvinyildene Polyvinyl
Flucride Fluoride

Run RM Run Run

Fraction T64 T66 T71 T72

Residue 45.9 46.2 22.9 25.0

Vpyr 7.1 5.3 29.0 27.3

Vhf 43.4 45.0 40.0 34.1

V25  2.3 1.0 3.9 3.7

Subtotal 98.7 97.5 95.8 90.1

V-190 1.3"* 2.5** 4.2** 9.9**

Total 100.0 100.0 100.0 100.0

*Total time required for each pyrolysis run was approximat.cly 34 minutes.

**The values for the V-1 90 fractions were calculated by si.btracting the
sum of the weight percent values of the other four fractions frcm 100

percent.

:I
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When compared with the R fractions orom the long pyrolysis times,
the R fractions from PVT 2 were founG to have increased slightly (approx-
imately 5 percent), while those from FVF practically doubled. louwever,
those from PVF were still much less than those from PVF 2 .

The Vpyr fraczions from PVF 2 decreased slightly for the shorter
pyrolysis time, while those from PVF decreased markedly. Nevertheless,
the latter accnunted for practically 30 percent of the original polymer

weight and were four to five times as great as those from PVF2-.

The Vhf fractions increased markedly with the shorter pyrolysis
times and those from PVF appeared to show more variation from run to
run.

The V2 5 fractions decreased with shorter pyrolysis time, especially
for PVF 2 . The V-1 90 fractions from PVF 2 showed only minor differences
between the long and short pyrolysis times. Those from PVF appeared

to increase appreciably.

3. Comparison of Fractions and Their Elemental Analyses

a. Residue Fractions

The R fractions from both polymers were black, friable chars
which did not differ appreciably in appearance. Their elemental

analyses. are given in Table IV. As might be expected, the major
element in the R fractions was carbon, with fluorine next and hydrogen
last. Less cart-on was left in the R fractions of both polymers when
the shorter pyrolysis ti.me was used. The R fractions of PVF consistently
contained about 5 percent more carbon than those from PVF 2 , whereas with
fluorine, the situation was reversed, the R fractions from PVF 2 contained
8 to 9 percent more fluorine than those from PVF.

The R fractions could not be further separated into sub-fractions

or individual components because of their insolubility.

From the elemental analyses, possible carbon/hydrogen/fluorine
raties were calculated for compariso. with the same ratios in the
original pclymers. To simplify interpretation of the ratios, they
were calculated on the basis of the number of fluorine atoms being

equal to one. The ratios are shown in Table 1I, and their interpre-
tations given in 'Discussion of Results."

12
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I
b. v Fractions S---pyr-

The Vpyr fractions differed considerably in appearance and
physical characteristics; those from PVF 2 were black, viscous oil- or
tar-like materials, while those from PVF consisted of a yellow, grease-
like material sometimes mixed with a dark brown material having a waxy
consistency.

The elemental analyses (Table V) showed that the Vpyr fractions
from the tw polymers differed strikingly in chemical composition.
The Vpyr fraction from PVF2 contained approximately 55.6 percent
fluorine (long pyrolysis time) and 50.9 percent fluorine (short
pyrolysis time). Thus it appeared to consist of highly fluorinated
materials. On the other hand, the Vpyr fraction from PVF contained
relatively little fluorine (9 to 10 petcent) but considerably larger
amounts of carbon and hydrogen.

Tentative attempts were made to separate the Vpyr fractions into
components by fractional distillation in vacuo and by extraction with
various solvents. It became obvious such separation was not immediately
feasible, so these attempts were abandor.ed.

Owing to the complexity of these mixtures, no efforts were made to
determine molecular or o:erage molecular weights. These mixtures had
relatively low vapor pressures, since they did not distiil readily
even in vacuo. It was therefore assumed that their molecular weights
were rather high.

From the elemental analyses, carbon/hydrogen/fluorine ratios were
calculated as in the case of the R fractions (see Table Vi and Discussion).

c. VhfFractions

As pointed out previously, the contents of the NaF trap were not
analyred for hydrogen and fluorine beceuse of the toxicity of the materi-
:ls in the trap. The total weight was determined by weighing the trap
befoie and after a run, and the increase in weight was assumed to be due
to HF. There is some risk in this assumption as it is possible that

Sfluorinated materials, other than HF, might form complex, with the NaF.
Hcwever, as far as it is known, no such materials have beer reported in

9 the literature.

When long pyrolysis times were used, the amounts of HF given off by
the two polymers were of the zame order of magnitude and amounted to
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approximately 30 percent of the original polymer wetght. With the short
pyrolysis times, considerably more HF was given off. For PVV- it amounted

to 43-45 percent of the original polymer weight and for PVF, 34-40 percent.

d. UnseparaLed V25 and V-190 Fractions

As pointed out previousiy in Section 3(c), collection and separation

of the V2 5 and V- 190 fractions could be regarded at best as qualitative only.
Nor was it feasible to take aliquots of these fractions for elemental

analysis. Therefore, an indirect method w~s used for calculating possible
elemental composition of the unseparated V2 5 and V- 1 90 fractions.

For example, the -arbon content vas calculated in the following manner.

The original polymer weight and the average weights of the R and Vpyr
fractions were known with reasonable certainty. Therefore, by subtracting
the weights of the R and Vpyr fractions from the original polymei weight,
a calculated average weight was obtained for the unseparated V25 and V-190

fractions. This involved only one assu-uption, i.e.,that no losses of
these two fractions occurred by leakage. The elemental analyses gave the

carbon contents of the R and Vp- fractions. Subtracting these values
from the values for carbon in te original polymer, values for the carbon
contents of the unseparated V2 5 and V-190 fractions were obtained. From
these values and the values for the weight of these fractions, the percent-

age of carbon ir the unseparated fractions nould then be calculated.

A similar scheme was followed for hydrogen except that the hydrogen

content of the Vhf fraction was calculated. This invoived the assumption
that the Vhf trap caught only HF and did not catch any other highly

fluorinated materials. Thus, values for hydrogen contents of the R, Vhf
and Vpyr fractions were subtracted from the value for the hydrogen content

of the original polymer tc give a value for the hydrogen content of the
unseparated V2 5 and V- 190 fractions.

Values for fluorine were calculated throughout by difference, i.e.,
100% -(%C + ,H). Thus any errors in the fraction weights or analyses
would be cumulative and the values for fluorine are probably the most

uncertain.

.he values calculated for the elemental composition of the unseparated

SV25 and V-190 fractions of PVF 2 indicated that these materials are highly
fluorinated for both long and short pyrolysis times, the pyrolysis time
having only a small effect on the composition of the fractions (see Tables
IV and V). In the comparable fractions from PVF, the materials appeared
to be much less highly fluorinated, especially in the fractions obtained
wit.. short pyrolysis times.
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The experiments with the CuO reactor were highly qualitative. Only
small amounts of H20 and CO2 were caughM in the CaC1 2 and Ascarite traps.
These amounts were of the order of magnitude of centigrams. Because of
considerable scatter in the res-Jts, no definite conaclusions could be
drawn as to differences between the products from PVF2 and PVF or differ-
ences between the long and short pyrolysis times. The resu:ts, however,
did show definitely that there were very small amounts of hydrocarbon-
like materials which could not be condensed into the liquid nitrogen
traps at -190'C. No conclusions could be drawn as to their degree of
saturation or of fluorination.

IV. DISCUSSION OF RESULTS

1. Qualitative Chemical Composition of the Fractions: Carbon/lHdrogen/
Fluorine Ratios

The R fractions, as pointed out previously, were not separable into
components for further identification because of their insolubility,
nor were the Vpyr fractions separable into components either by fractional
distillation or by extraction with solvents.

The details of the attempts made with gas chromatography to separate
the large numaber of components of the V2 5 and V- 190 fractions are being
presented in a separate report(4). Therefore, no effort is made to
discuss them here.

To obtain a qualitative view of the chemical nature of the components
of the fractions, calculations were made from their elemental analyses
(Tables IV and V) of possible carbon/hydrogen/fluorine (C/H/F) atomic
ratios for the fractions. To simplify comparison of the ratios, they
were calculated on the basis of one fluorine atom. These ratios are
shown in Table VI.

a. R Fractions

The C/H/F ratios for the R fractions from PVF2 are consistent
with the process of elimination of HF from the polymer to leave mainly
C atoms in the residue. The ratio of H/F in the R fractions is about
1.4/1 compared with 1/1 in the polymer. This might indicate that
relatively more F than H had been eliminated. This would occur if
highly fluorinated compounds were formed. The C atoms left in the R
fractions are probably arranged in long chains corresponding to the

17



TABLE VI

"j 01C./F ATOMIC RATIOS IN ORIGINAL POLYMERS

AND OVEN PYROLYSIS FRACTIONS

PVF 2PVF

C H- IF £L FLC _ _J

Oiinal Poe 1 1 / A 2 /3 / 1

Residue:

Long Pyrolysis Time 6.6/1.3/ 1 13.7!8 / I

Short Pyrolysis Time 5.3/1.5/ 1 9 /6.8/ 1

Vpyr

Long Pyrolysis Time i.I/1.O/ I 13.7/16.
4 /1

Short Pyrolysis Time 1.4/1.3/ 1 13.1/13.6/1

V2 5 + V-1 q0

Long Pyrolysis Time 0.1/0.5/ 1 0.8/ 3.0/1

Short Pvrolysis Time 0.1/tr*/ 1 17.3/35.0/I

*trW" trace amount
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original cazbon skeleton of the polymer, with one H and one F attached
randomly to approximately every fifth or sixth C atom. D~fferences
between the two pyrolysis times produced plactically no change in the
chemical composition of the R fractions.

For PVF with long pyrolysis times, the atomic ratios of the R
fractions show that relatively little fluorine is left in these fractions
in comparison with H and C. rhe residue is, of course, mainly carbon
with one H per two C atoms and one F per 14 C atoms. For shorter
pyrolysis times, relatively wzre F and H appeared to be left in the R
fractions, one F per 9 C atoms and practically one H per C atom.

b. Vpyr Fractions

The C/H/F ratio for the Vpyr fraction from PVF 2 with long pyrolysis
time is very interesting in that it is practically identical to that for
the original polymer. This could result from scission of the PVF 2 polymer
chain into rather large fragments with little loss of HF, i.e., a partial
"unzipping" of the polymer. These fragments might be expected to have a
range of molecular weights such that they would not readily distill even
in vacuo. Like the original polymer they are saturated and highly fluo-
rinated compounds. A decrease in pyrolysis time had only a small effect
namely, to increase the ratios of C and H to F very slightly.

The C/H/F atomic ratio for the Vpyr fractions of PVF shows that the
relative amounts of C/H are practically I/I and that these are approx-
imately 13-i6 times the amount of F. Therefore, these materials are
mainly unsaturated hydrocarbons containing relatively small amounts of
F. The C/H/F ratio for the Vpyr fraction differs very much from that
of the origiial PVF, so that evidently the PFF has not "unzipped" like
the PNY 2 but has undergone a more random degradation. A decrease in
pyrolysis time had practically no effect on the C/H/F ratio for these
fractions.

c. U-separated V2 5. y and V_ 9 _Fractions

Owing to the method by which the C/H/F ratios for these fractions
were calculated, these values can lie considered as offering only a very
general indication of the chemical nature of these materials. The frac-
tions from PVF2 are apparently saturated hydrocarbons having a high de-
gree of fluorination.

If the unzipping process, mentioned above, proceeded far enough, one
Swould expect the monomer (CHECF 2 ) to be formed. Since this monomer

19
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has a low boiling point (-51 0 C), it would therefore be expected to
appear in the unseparateJ V25 and V_1 9 0 fractions.

The C/H/F ratios for the V2 5 and V- 190 from PVF suggest that they
contain materials which are mainly saturated hyarocarbons containing
little fluorine.

2. Comparison with Resuits Reported in the Literature

The thermal degradation Af organic polymers has been studied in
detail by many investigators. The literature on the subject is so
voluminous that no attempt is made in this report to review it in
detail. Perhaps the most succinct and recent treatment of the
thermal degradation of fluoropolymers is that of Madorsky 5 . The
following sumnary compares Madorsky's method of attack on the problem
with the one used in this study and points out similarities and/or
differences in the results.

Medorsky's oven pyrolyses were carried out in pyrex/quartz systems
using very small weights of polymer (20-50 mg) at very low pressures
(down to 10- 5 torts*). PVF 2 was pyrolyzed for 30 minutes at temperatures
ranging from 372*C to 480'C. For each polymer the rate of volatilization
was measured as a function of time. The growth rates of two fractions,
Vpyr and V15 (HF), were also calculated as functions of pyrolysis time.
The UF was-not determined directly, since it reacted -with the glass of
the equipment to give SiF4 and H2 0, as noted previously in Section 2d
of Procedures. The V2 5 fraction obtained by Madorsky was, therefore,
found to consist of SiF4 and H2 0. The values were :alculated back to
PY.

In the study conducted at the U. S. Army Natick Laboratories, oven
pyrolyses were carried out in stainless steel/copper equipment with
polyethylene traps and connectors in the :;eparation train. Large amounts
of polymers (up to 25g) were pyrolyzed at a single temperature range
(455*C) for 30 minutes. As noted previously, both snort and long
pyrolysis times were used. HF was removed from the system by reaction
*with NaF; as a result this acid could be determined directly. Further-
more, SiF4 and H20 were prevented from forming and the difficulties
caused by these two compounds in the gas chromatograph were thus clim-
inated. The fraction weights were determined experimentally or by
calculation after a pyrolysis, with no attempt being made to determine
pyrolysis rates- Elemental analyses for C and H were made on the three
fractions: residue, Vpyr and V2 5; i7 content of these was calculated by
difference.

*torr Imm Hg
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It would appear that our Vhf fraction corresponds to Madorsky's
V2 5 (HF) and our combined V2 5 and V-190 fractions to his Vpyr fraction.
Apparently Madorsky did not isolate a fraction or investigate materials
which would correspona to our Vpyr fraction.

Madorsky states that PVTF 2 yields, on pyrclysis, larger amounts of
HF than dces PVF. The results obtained in this study with short
pyrolysis timas (Table Iii) agree well with Madorsky's on the HF yields.
However, when long pyrolysis times were used, the yields of HF were
practicilly the same from each polymer (Table II).

Madorsky also states that "loss of HF (from PVF 2 ) results in the
formation of double bonds in the chain so that it becomes ciermally
more stable. This in turn results in carbonization of the xesidue,
more so in the case of PVF 2 than of the other two hydrofluoripolymers
(PVF and polytrifluoroethylene)." Here again the results obtained in
this study are in agreement with his, since the amounts o; residual
char obtained from PVF 2 were two to three times those obtained from
PVF, depending on the pyrolysis time.

3. Possible Mechanisms for Thermal Degradatioa of PVF 2

Madorsky postulates two possible mechanisms for loss of HF from PVF 2 :

...'"C-C- C-."W .. , ~4-r,--~ .'At +Hn. (1)

F F_ H H

or

F H F H F H F H

SI I I I I

FH 1. F F H

-i-HF (2)

II ___

H F HH F H F
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Mechanism (1) would be expected to lead to highly fluorinated compounds
"ýn the volatile fractions. 1his is consistent with the results obtained
in this study for the C/H/F ratios for our Veyr and combined V2 5 and V-1 90
fractions which ind.ciated a high ratio of F to C and H, especially in the
V2 5 and V-190 fractions. Further confirmation is the fact that the
components of the V2 5 and V-190 fractions that could be identified in the
NLABS study were highly fluorinated (Table VII).

Mechanism (2) could yield residues with C/H/F ratios close to 1.1I/I/.
Since we find ratios having much higher C to H and F (Table VI), consid-
erably npore H1 must be split out than indicated by this mechanism, and
the residue would be largely carbon containing little H and F.

A third mechanism postulated by Madorsky is:

F FH H

This, like (1), would lead to highly fluorinated volatile materials and

is consistent with the results cbtained in this study.

Madorsky also postulates the formation of free radicals:

F lj

1- 7C--C--C/AA -- 2 free radicals (4)

F H FIH F H

which would then unzip into the monomer. Because cf difficulties caused
by the reaction of IT with the pyrex/quartz pyrolysis systems which he
used, Madorsky was unable to confirm this. However, in this study, these
difficulties were obviated and a~preciable amounts of monomer, CH2 =CF 2 ,
were found in the volatile products formed both in pyrolysis in the
arc-image furnace and in oven pyrolysis (Table VII). Thus, Madorsky's
free radical postulation appears to be supporteC.

In the pyrolysis product3, a small amount of CHF 3 was identified in
this study. However, since the amount of CRF 3 was small, this could

22



i.!dicate the probability of another process involving the terminal
carton atom and an unzipping mechanism alternatc to that of (4)
above. If the terminal carbon is stabilized as -CF 3 , a simple
mechanism can be formulated which would result in continuous
production of monomer:

f ~H F•FH

FC4C-C-fC-- C..C--C_ C,---> CF 3 H + n(CH2 -C-F 2 ) (5)

However, since the total monomer produced was small, it is unlikely
that this mechani3m, although possible, is the primary mode of thermal
degradation of the FIF2.

4. Comparison of Results of Arc-Image Furnace Pyrolysis with Those of
Oven Pyrolysis

In the previous study(') made with fluoropoiymers in the carbon
arc-image furnace it was possible to collect (by means of a closed-
cell technique) volatile degradation products which were analogous
to tCe unseparated V25 and V- 1 9 0 fractions obtained by oven pyrolysis.
The R fraction remained on the exposed surface of the test disk and
the fraction corresponding to the Vpyr fraction condensed on the
walls of the closed cell. The R and Vpyr fractions were nct inves-
tigated in this earlier study. Howevez, the volatile degradation
materials were analyzed by gas chromatography and two peaks were
identified for PVF 2 and five peaks fur FVT. These are shown in
Table VII for comparison with the components identified in the com-
bined V2 5 and V- 190 fractions. It is realized that this comparison
is limited, since not all of the components of the volatile fractions
have been identified. However, even this limited comparison yielded
interesting information. In spite of the fact that the method of
pyrolysis in the arc-image furnace was drastically different from
oven pyrolysis, there were striking similarities between the results.

By either method, PVT yielded a larger number of degradation
products than PVF 2* In consequence, the volatile fractions from PVF
were much more complicated than those from PVF 2 . This would indicate
that PVF may undergo a more random process of degradation than PVF,.
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TABLE VII

COMPARISON OF COMPONENTS IDENTIFIED IN THE UNSEPARATED
V2 5 ArD V-1 9 0 FRACTIONS PRODUCED BY ARC-IMAGE FUJPNACE

PYROLYSIS AND BY OVEN PYROLYSIS

Pyrolysis in Arc-Image
Furnace(l) Oven Pyrolysis(3)

Polyvinylidene Fluoride PVF2

CF 4

--- _CH2=CHF

CH2=CF 2  CH2 =CF 2

symmetrical
trifluoro benzene

two unidentified
components

- - - C O 2 "

Polyvin-1 Fluoride PVrF

CH 4  CH4

CH 2 =CH 2  CH2 =CH 2

CH3 -CIi 3  CH3 -CH 3

CH2=CHF ---

CH2 =Cr2 ---

; --- CH3 -CH2 -CH3

CH3 -CH2 -CH2 -CH3

C 6H6 (ben:zene)

*See text 24
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The only materials which were identified in the volatile fractions
obtained from P\F 2 by either method of pyrolysis were fluorinated
hydrocarbons. This is consistent with the high ratio of F to C and
H indicated above by the atomic ratios. Carbon arc-image furnace
pyrolysis yielded the monomer (CH2 =CF 2 ) along with carbon tetra-
fluoride (CF 4 ) and two components which were not identified. Oven
pyrolysis also yielded the monomer and, in addition, three other
fluorinated compounds identified as CiF 3 , CH 2=CHF and symmetrical
trifluoro benzene. Also among the products formed during oven
pyrolysis in a pyrex sample holder was a small amount of CO2 . This
will be discussed later.

The monomer is undoubtedly formed by the "unzipping" process
discussed previously. It is interesting to note that this takes place
under the two very different conditions of pyrolysis.

More degradation products were identified in the volatile fractions
from PVF and from PVF 2 . From PVF these were preponderantly unfluorin-
ated saturated hydrocarbons. This is consistent with the C/H/F ratios
calculated for the unseparated V2 5 and V- 19 0 fractioas noted previously.
The same three bydrocarbons, methane (Ch 4 ), ethylene (CH2 =CH 2 ), and
ethane kCH3-CH3), were identified in the products formed by either
carbon arc-image furnace pyrolysis or oven pyrolysis. Only two fluo-
rinated compounds, the monomer, CH2 =CHF, and CH2 =CF 2 , were identified,
and these were found only in the degradation products obtained by the
carbon arc-image pyrolysis. Three additional saturated hydrocarbons,
propane (CH 3 -CH -CH3 ), butane (CH3 -CH2 -CH2 -CH3 ), and benzene (C6 H6 )
were found in tIe products of oven pyrolysis.

Considering the two very different methods of pyrolysis, and changes
in the gas chromatographic procedures (e.g., some operators using an
early model of the chromatograph and other operators using a highly
modified and sophisticated version of the chromatograph), it is felt
that the overall consistency of the results is good.

The finding of CO2 in the volatile degradation products of oven
pyrolysis of PVF2 was not too surprising. in 1947, White and Rice
reported( 6 ) that a fluorine-containing compound reacted with a glass
container to produce CO2 . They suggested that the reaction might
proceed as follows:

2C 2F6 + 3SiO2 -- 2C0 2C0 2 + 3SiF4
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In 1953, Madorsky et al. established(7) the presence of small amounts
of C02 and CO in the thermal degradation products of Teflon (C2F4)n and

t polytrifluoroethylene (CHF-CF 2 ) when these polymers were pyrolyzed in
vacuo. They attributed the finning of C02 in the volatile pyrolysis
products to either:

(1) the presence of oxygen in the fiuoropolymers as part of their
structure; and/or

(2) the reaction of fluorocarbons with glass as suggested by
White and pRice( 6 ).

In 1965, Barnes and Yelland(I) found 02 in the volatile therma..
degradation products of polytrifluoroethylene .4cHF-CF 24h when pyrolyzed
in a helium atmosp1 ',,re in a glass cell in the carbon arc-image fur_-ace.

In the present work small amounts of CO2 were found only in the
earlier experiments in which PVF2 was pyrolyzed in a helium stream with
a Pyrex sample holder in the oven. When the Pyrex holder was repla,-ed
by a stainless steel/copper holder, C02 could no longer be found in the
volatile thermal degradation products. This would appear to confirm the
postulation of White and Rice that C02 is produced by the reaction of
fluorocarbon materials with the Pyrex.

V. SUMMARY OF THERMAL DEGRADATION
PROCESSES OF PVF2 AND PVF DURING

OVEN PYROLYSIS

During oven-pyrolysis of IFVF 2, the predominant reaction appears to
be the elimination of HF, either by stripping it off the main polymer
chain or by removal of H from one chair, and F from the chain next to
it. In either case there is formed a large amount (40 percent b.w. of
the original polymer) of a highly carbonaceous char containing small
amounts of hydrogen and fluorine. Simultaneously, a very complicated
mixture of highly fluorinated compounds is produced, including some of
the original monomer. Some of these (amounting to 7 percent or less of
the original polymer) condense at room temperature; others (less than
3 percent of the original polymer) condense at -190'C, while a few
(again less than 3 percent of the original polymer weight) do not
condense even at -190C. Since the fluorine content of the volatile
products is high, these products would be expected to be nonflammable.
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Mechanisms have been postulated, by Madorsky and by thL authors, to
account satisfactorily for the few compounds which were identified in
the fractions which are volatile at 25 0 C and below. However, from the
amounts of these compounds found in these fractions, it is obvious that
these mechanisms are of very minor importance compared to that which
causes elimination of HF and formation of char.

Under the same conditions of oven pyrolysis as those used for PVF 2 ,
PVF be-haves very differently. Although elimination of HF from PVF is
a major degradation process, it is evidently not as predominant as with
PVF2 and the subsequent results are not the same. Much less residue
(approximately one half as much as from PVF 2 ) is produced and consider-
ably larger amounts of volatile products are formed. These are even
more complex mixtures than the analogous products from PVF2 and they
appear to be largely hydrocarbons containing relatively little fluorine.
Because of this, these materials would be expected to be highly flammable.

Undoubtedly, mechanisms could be postulated that would satisfactorily
explain the production of each compound. However, it was felt that the
amount of effort involved would not be justified by the results, since
mcst of the products were found only in small (sometimes trace) amounts
and were very likely of minor importance in the overall degradation
process.

VI. POSSIBLE EXPLANATIONS FOR THE DIFFERENCE IN
ENERGY-ATTEJNUATING CAPABILITIES OF

PVF 2 AND PVF

Attenuation of high-intensity thermal pulses by organic polymers
may be accowplished by one or more of the following:

(1) Smoke, generated at a very early stage in the polymer
degradation, that prevents much of the energy from impinging on the
polymer by scattering the energy;

(2) Endothermic degradation reactions that cause the polymer
to act as a chemical heat sink;

(3) Formation on the exposed surface of the polymLr of a char
that is a poor heat conductor and therefore can be considered as
acting as a physical heat sink or thermal barrier.
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It is realized that the conditions (time, temperature and rate of
energy input) under which oven pyrolysis takes place differ drastically
from those of pyrolysis in the arc-image furnace. However, because
of the overali ,onsistenc-, of the results on the volatile products
obtained by both mfthods of pyrolysis, it is felt that possible
explanations of the difference in the energy-attenuating capabilities
of the two polymers in the carbon arc-image furnace can be inferred
from the oven-pyrolysis results.

1. Smoke Formation

Observations made on the behavior of disks of PVF 2 and PVF, during
exposure to high-intensity thermal energy in the carben arc-image
furnace, have shown that both polymers produced copious amounts of
smoke. Because of a lack of equipment, it was not possible to deter-
mine whether t4ere were differences in the anoints of smoke produced
by the two polymers. The losses in weight of the polymer disks during
exposure in Lhe carbon arc-image furnace were of the same order of
magnitude. This implies, but does not prove, that the amounts of
smoke produced were approximately the same. Nor was it possible to
measure possible differences in the size of the particles in the
smokes- Particle size has a marked effect on light energy scattering
as has been shown by Butler and Erbaugh who reported(8) that optimum
diameter for light energy scattering is in the range of 0.1 to 1.0
microns. So no inferences can be drawn from the amounts of the smokes
produced or their particle size.

However, thera was a great difference in flammability between the
smokes from the two polymers. It was noted that the smoke from PVF_
rarely ignited, while that from PVT always ignited. This is consistent
with the observation that the volatile materials obtained from PVF2
by oven pyrolysis were highly fluorinated, while those from PVF were
not. Ignition, or flaming, would act as an additional heat source.
So this may explain, at least in part, the poorer energy-attenuating
capabilities of PVF in comparison to P%'?2.

2. Possible Endothermic Processes

According to Pauling,( 9 ) the elimination of HF from compounds is
endothermic. However, the amount of energy absorbed is not large,
69.9 Kcal/mole of HF (see Appendix B for calculations). Also, dif-
ferences between the amounts of H evolved from PVF2 and PVF are
relativel-: small. Furthermore, Butler and Erbaugh(8) have shown in
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DTA-TGA studies that the overall thermal degradation processes for PVF 2
and PVF are exothermic. Therefore, it is believed that the energy-
attenuating capabilities of PVF and PVF cannot be attributed to endo-
thermic reactions producing a chemical heat sink.

3. Char Formation

The role of char formation in attenuating thermal energy has been
demonstrated by G. T. Holmes, who reported(iO) that, when a 3-layered
fabric system, consisting of wool/rayon fabric, a nylon fabric and
a cotton fabric, was exposed to high-intensity thermal radiation with
the wool/rayon fabric facing the oncoming radiation, considerable char
was formed by the wool/rayon and was held in place by the nylon. This
completely protected the cotton fabric up to an irradiation level of
16 cal cm- 2 sec-1 . In a similar system, wool/rayon:cotton:nylon,
exposed with the wool/rayon fabric again facing the radiation, the char
from the wool/rayon fabric was retained on the surface of the cotton
and afforded partial protection of the nylon up to 30 cal cm- 2 sec- 1 .
Other permutations of this layering system, in which a char was either
not formed or else not held in place. offered very little protection
to the third or inner layer.

In the early work,(I) the possible importance of the role of char
formation as a means of attenuating thermal energy was not suspected.
Therefore, measurements were not made on the relative amounts and
thicknesses of the char layers produced. Visual observation of the
polymer disks, after exposure in the arc-image furnace, indicated
that both polymers produced considerable char. The char from PVF
appeared to be more vitreous than that from PVF 2 , while the latter
appeared to be more porous. Unfortunately, time limitations precluded
repetition of the previous work so that quantitative measurements
could be made on the char layers. Therefore, it cannot be stated
conclusively that differences in the char layer formation on the
exposed surfaces of the polymer disks were responsible for the differ-
ences in their energy-attenuating capabilities. However, if the char
formation results of oven pyrolysis and arc-image furnace pyrolysis
are as consistent as the results on the volatile products, it could
be inferred that char formation is a highly plausible factor contri-
buting to the difference in energy-attenuating capabilities of the
two polymers.
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VII. FUTURE WORK

No further investigation of fluoropolymers of the aliphatic PVF 2-
PVF type is planned for two reasons: (i) Since this type of polymer
gives off large amounts of 1F during thermal degradation, an additional
hazard to personnel would be created because of the extremely corrosive
action of 1F on the skin and eyes; and (2) in the concomitant studies
on screening polymers in the carbon arc-image furnace, several polymers
(e.g., nitroso rubber, polytrifluorostyrene and zein) have been found
that are measurably better energy attenuators than PVF 2 and PVF. There-
fore, it is felt that expenditure of further time and effort on these
fluoropolymer studies is not warranted.

The thermal program is being broadened to include studies of the
thermal-physical properties of polymers, e.g., specific heats of nylon,
cotton and nylorn/cotton (Nyco) blends; also enthalpy changes in these
polymers up to and including the point of decomposition. In these
studies data will be obtained by means of a Differential Scanning
Calorimeter and a Cahn Electrobalance with auxiliary gas chromatographic
equipment. Temperature gradients and profiles will be determined on
polymer systems (in fabric or film form) durinr exposure to thermal
radiation by means of a Mach-Zehnder interferometer. The parameters
determined in these studies will be used eventually in heat-flow and
heat-transfer equations previously developed as mathematical models
tc predict the behavior of polymeric materials under thermal stress.
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APPENDIX A

NOTE l(a). Pyrolysis Oven and Sample Holdirs

The pyrolysis oven was a box constructed of 3/4-inch thick plywocd.
Its external dimensions were 13 1/4-inch x 13 1/4-inch x 14 1/2-inch.
This was lined with Fiberglas* batts approximately I inch thick, held
in position by stainless steel plates. Inside these were Transite*
plates, 1/2-inch thick, to whose inner surfaces were attached aluminum
sheets to provide heat reflection. Internal dimensions of the oven
were 10 inches x 10 inches x 10 inches.

A fan motor was mounted on top of the removable oven cover, the
shaft and blade extending into the cavity. A 1-inch diameter hole
in one side of the oven provided a path for gas exit tubing and
thermocouple wire. heat was supplied by four 350 watt, 57.7 volt
chromel wire heaters which were mounted one in each corner of the
cavity. Temperature was controlled by a Thermac, Model SPY 5212
(Research, Inc., Minneapolis, Minnesota). Four thermocouples were
positioned inside the oven cavity to check the temperature uniformity.

The large sample holder was a 1-liter stainless steel beaker
equipped with copper gasket and tight-fitting steel cover plate. A
brass ring was fitted below the lip of the beaker and held in place
by a lower plate which was bolted to the cover p'ate. A leak-prodf
seal was assured when each heat-treated bolt was adjusted to 15-18
pounds pressure per square inch. The cover plate was further fitted
with: (a) a heliun inlet stainless steel tubing (1/4 inch OD x
7/32 inch ID); (b) chromcl-alumel thermocouple sheathed in 1/4 inch OD
tubing for monitoring internal oven temperature changes; and (c) an
exit tube (1/2-inch OD x 7/16-inch ID) for pyrolyzates.

The small sample holder described(2) previously uses a preheated
helium stream in addition to external heaters to heat the polymer
undergoing pyrolvsis and to sweep the volatile pyrolyzates out of
the oven.

*Registered trade marks
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NOTE l(b). Helium Flow Rate

The flow rate of the carrier gas, helium, must be controlltd
carefully during the pyrolysis. If it is too rapid, portions of the
V yr fractions may be swept into the NaF trap, designed to catch only
4 , and give anomalous results. Also, the V2 5 and V-190 fractions
may not be caught in the appropriate liquid nitrogen traps and thus
be lost. The helium flow rate is manually controlled by a micrometer
valve between the helium tank and the inlet tube. It is monitored by
a rotameter at the exit of the traDping system.

Initially, the helium flow rate was adjusted to 40 cc/mim. As
soon as pyrolysis began, the evolution of volatile materials from the
polymer tended to increase the flow rate considerab.y. Therefore the
helium stream was shut off temporarily. The volume of volatile pro-
ducts caused the flow rate to v.ry between 88 cc/mim and 110 cc/min
for about five minutes. Then the flow rate decreased markedly. Heli-M
was again allowed to flow into the system and continued until all the
volatile degradation products had been swept out of the ovens into the
trapping systems.

NOTE 2. Vpyr ad Vhf Trap

The Vgyr and Vhf trap consisted of standard polyethylene tubing,
x 3/8-inch ID, and about 8-1/2 fect long. It contained

no packing. During a pyrolysis, this trap was kept at 0°C by means
of an ice water bath. Hydrogen fluoride (b.p. 19'C) condensed with
the Vpyr fraction. With heaters of the pyrolysis oven off and helium
still flowing through the system, this trap was gradually allowed to
warm to room temperature, approximately 25'C. This permitted the HF
to volatilize slowly and to be carried by the helium stream into the
next trap without entraining any appreciable amount of the Vpyr frac-
tion.

NOTE 3. Vhf _ra•

This trap consisted of a loop, approximately 24 inches long, and
made from the same type of polyethylene as the pcevious trap. It was
packed with 45g sodium fluoride (NaF) pellets*. Weight of the packed
tube was approximately 50g. The NaF reacts with HF to form a complex
NaHF 2 according to the reaction:

1F 4- NaT - NaHF 2

*Sodium Fluoride Tablets, No. 0202 T i/8-inch, Lab No. 150, The Harshaw
Chemical Co., Cleveland 6, Ohio.
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This reaction is exothermic. Therefore, to avoid overheating and
possible destruction of the trap, the rate of admission of HF into
the trap was kept slow.

The remaining volatile materials passed through this trap. From
the weights of the 25'C trap before and after the run, the weight of
the Vhf fraction was calculated. Ihe trap was then discardec. because
of the toxicity of the fluorine-containing materials.

NOTE 4. First Liquid Nitrogen Trap

T'his trap was designed to provide a means of catching the V2 5
fraction at liquid nitrogen temperature and monitoring the mixture
in and out of the gas chromatograph. The essential components of
the trap were a four-port switching valve and 3/64-inch wall --tair.-
less steel tubing of the following dimensions:

(1) inlet tube, large bore, 1/4-inch 3D, 12 inches long;

(2) an inner tube, 1/2-inch OD, 8 inches long;

(3) an outer tube, taper welded to (2), 7/8-inch OD, 8 inches long;

(4) an outer tube frem (3), 1/8-inch OD, 15 inches long.

The trap is shown szhematically in Figure 1.

The trap was packed with stainle!z steel wool. When packed, the
trap weighed 568.2g. Since the weights of V2 5 which collected in
this trap were usually in the range of 5g or less, the Large tare
weight of the trap tended to make accurate determinations of the V2 5
fraction difficult.

NOTE 5. Second Liquid Nitrogen Trap

Zhe second nitrogen trap consists of a four-port switching valve
and 160 feet of 1/4-inch stainless steel tubing coiled to fit in a
4-liter Dewar flask. The internal volume of the trap was approximately
2 liters. Its weight was 5,821g.

NOTEE 6. Copper Oxide Reactor

The purpose of this reactor was tc confirm the presence in the
Vi 9 0 fraction of materials, such as hydrogen and/or hydrocarbons,

35



Ir
I
I

whose presence had been indicated on the gas chromatographic records.
The reactor i'self was a quartz tube, 1/2-inch OD, 10 inches long.
Copper oxide* was used as the oxidizing agent and was held in place
by quartz wool plugs. The quartz tube was mounted in a ceramic tube,
I inch OD, 5/8-inch ID and 3-3/4 inches long. The cc-amic tube, in
turn, was mounted in a perforated galvanized cylinder, 6 inches long
"and 2-1/4 inches OD. Glass wool was used as insulating layers. Heat-
ing was accomplished by a conventional Variac-controlled heating coil,
and the temperature measured by a chromel-alumel thermccouple mounted
betweer the quartz tube and the ceramic tube.

Products of the oxidation of the V-1 90 fraction by the hot copper
oxide were water and carbon dioxide. These were caught in conventional
calcium cnluride and Ascarite** traps which had previously been tared.

The copper oxide reactor is show schematically in Figure 1.

NOTE 7. Gas Chromatograph

Conventional gas chromatography was employed in attempts to separate
the components of the highly complex mixtures of the V2 5 and V- 190 frac-
tions. To avoid losses associated with the use of syringes to inject
samples into the gas chromatograph, the latter was connected directly
to either one or the other of the two liquid nitrogen traps which served
to conLentrate the samples (see Appendix A Netes 4 and 5). In the gas
chromatograph two thermal conductivity cells were used, one to indicate
the tGtal volume of sample entering the chromatograph column, the other
to record the individual fractions elute, from the column. The column
oven temperature was kept constant at 125ýC. Three columns were located
in the instrument and any one coluai. could be selected at will. Each
column consisted of copper tubing, 1/4 inch outside diameter, packed
with 60-80 mesh firebrick which served as the substrate for the three
liquid phases. Column characteristics are given below:

Lenth Liquid Phase

a. 30 feet Di-n-decylphtha. te, 20% liquid phase
b. 50 feet 1,2,3,tris-(2-cyanoetr.,xy)-propane

255% liquid phase
c. 50 feet Silicone oil, DC-200, 33.3% liquid

phase

*Copper oxide - Cupric Oxide, WirQ, Special for Microz.alyt..cal Analysis
Lor K119, City Chemical Corp., New York, N. Y.
**Ascarite - 20-30 Mesh, Let 5206. Arthur H. Thomas Co., ?hiladnlphia, Pa.
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Details of the gas chromatography investigations on the V2 5 azd
V-190 fractions are given in Reference 3.

APPENDIX B

Calculations of Energy Values for Formation of Hydrogen Fluoride from
Fluorine-Containing Compounds

The energy involved in the elimination of hydrogen and fiuorine
from a fluorinated compound and their combination to form HF may be
calculated from the bond energies given by Pauling( 9 ) as follows:

(a) Rupture of a C-F bond absorbs 105.4 Kcal/mole

(b) Rupture of a C-H bond absorbs 98.8 Kcal/mole

(c) Total energy absorbed = (a) + (b) = 204.2 Kcal/mole

(d) Formation of a H-F bond emits 134.6 Kcal/moie

(e) Total energy change = (c) - (d) = 69.6 Kcal/mole absorbed.

Thus, the overall reaction cf splitting KF out of a fluorine-containing
compound is endothermic.

r
For long pyrolysis times, the amounts of HF obtained from PVF2 and

PVF were practically the same (Table II). For short pyrolysis times,
slightly more HF was obtained from PVF 2 than from PVF (Table III).

SHowever, since the differences were small, any differences in endo-
therms would be expected to be very small aud would not explain the
difference In energy-attenuating capabilities of these polymers.

The foregoing calculations aie based solely on the formation of
HF. Because of the complexity of the other thermal degradation p.o-
ducts, no effort has been made to calculate the possible energies
involved in formation of fluorocarbons and/or hydrocarbons formed
during degradation.
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